ABSTRACT: A series of laboratory tests were carried out to evaluate the effectiveness of polyacrylamide (PAM) on dredger fill combined with the vacuum preloading method. Five groups of vacuum preloading model tests were conducted, and the groups were mixed with 0, 15, 30, 60, or 90 mg/L PAM. The test results indicated that the optimal dosage of PAM is 30mg/L for the Tianjin Binhai dredger fill with a water content of approximately 300%. The optimal dosage of PAM can not only considerably shorten the consolidation time of the dredger fill but can also notably increase the rate of dissipation of excess pore pressure. An approximately 70% increase in the vane shear strength was also observed. Mercury intrusion porosimetry was performed to analyze the pore characteristic parameters of the soil samples after vacuum preloading combined with PAM, and the results revealed that an excessive dosage of PAM can lead to relatively bigger pore diameter in the soil samples.
INTRODUCTION
The demand for land resources in the coastal areas of China continues to increase due to the booming economic development and dense population of these regions. Reclamation using dredger fill through blowpipes has been the most impactful practice to solve the land crisis in the coastal cities of China. Dredger fill is dredged out with sludge and sediment from coastal areas. It is a type of ultra-soft soil characterized by a high water content, large void ratio, high compressibility and low strength (Tang and Zhou, 2007) . Determining the proper method to reinforce soft soil effectively has been an intractable problem in geotechnical engineering.
Many studies on the improvement of clay have been published, beginning with the work of Kjellman (1952) , who first proposed the vacuum preloading method. Since then, this method has been successfully applied to numerous soil reinforcement projects all over the world (Bergado et al., 1993 (Bergado et al., , 2002 Mesri and Khan, 2012; Saowapakpiboon et al., 2011; Seah, 2006) . However, the application of the vacuum preloading method is not always satisfactory due to the clogging or bending of the PVD and smearing near the PVD. Therefore, the development of new types of technology for vacuum preloading methods is becoming increasingly important. Polyacrylamide (PAM), one of the most commonly used polymers in industrial applications, is a low-cost material that adsorbs to soil through linkages between its anionic groups and the negatively charged soil constituents by exchangeable cationic bridges (Barvenik, 1994) . Therefore, a new type of vacuum preloading method combined with PAM was investigated based on the functions of PAM. Notable results have been obtained using additive agents that significantly mitigate the risk of clogging around PVDs and increase the soil permeability, thereby improving the efficiency of consolidation (Cai et al., 2016; Wu et al., 2016) .
PAM is frequently used as an auxiliary agent with other inorganic flocculants to be applied with vacuum preloading methods in most previous studies (Cai et al., 2016; Wu et al., 2016) . Unfortunately, neither the impact nor the optimal dosage of PAM as an additive agent alone on dredger fill improved by vacuum preloading were clearly determined. As a result, the following questions arise. What are the impacts of PAM alone on dredger fill combined with vacuum preloading? What is the optimal dosage of PAM on dredger fill? What is the fundamental mechanism that causes different reinforcement of dredger fill by PAM? In the scope of this project, a series of experimental tests were performed on dredger fill extracted from Tianjin Binhai to evaluate the reinforcement effects of PAM on dredger fill combined with vacuum preloading.
EXPERIMENTAL TEST ARRANGEMENTS
Model tests were performed with five sets of vacuum preloading model test equipment. As shown in Fig.1 , a set of model test equipment was composed of a testing barrel, a vacuum system and a data acquisition system. And the detail properties of the soil specimens are provided in Table 1 . Firstly, five barrels, labeled B1, B2, B3, B4 and B5, were selected, and each barrel was filled with the same amount of reconstituted soil. The corresponding dosages of PAM were 0, 15, 30, 60 and 90mg/L (slurry volume basis), referred to as Tests 1, 2, 3, 4 and 5 respectively. Integrated PVDs were applied instead of the common PVDs. Next, the PVD was inserted into the middle of each barrel to a depth of 250mm, and the PVD was connected by an airtight connector, enabling the vacuum pressure to be transferred directly from the drain pipe to the PVD. After the test equipment was completely assembled, a vacuum pressure of -85kPa was applied for each test. After vacuum preloading model tests, mercury intrusion tests were conducted. The details of the group assignment are provided in Table 2 . Prior to the mercury intrusion test, the soil samples were dried by a lyophilized instrument. The dehydrated sample was initially surrounded by mercury during the intrusion test. With increasing pressure, the mercury first flowed into large pores and then gradually flowed into smaller pores. The system automatically recorded the mercury intrusion volume under the pressure of each level. Ultimately, the pore diameter was converted from pressure using the Washburn (1921) equation. 
TESTING RESULTS AND DISCUSSION

Water discharge
Water discharged from the soil specimens was collected in a sealed water tank. As shown in Fig.2 , the curve in Test 1 increases linearly during the first 15 h, and then, the curve bends as the increasing slope slows down. After a 45h period of growth, the curve approaches the stable stage and reaches its maximum value. The change regularities of the four curves with PAM are approximately similar. The curves ramp up with a high increasing growth in the first 5 h and increase to 80% of the maximum value after 6 h before then rising smoothly and then stabilizing within 40 h. In addition, the water discharge efficiency of tests with PAM was considerably higher than that of Test 1 without PAM. As shown in the plots in Fig.2 , approximately 4,500g of water in Test 1 was discharged after 20 h, whereas 8,000g of water was collected in Test 3 with a dosage of 30mg/L PAM, approximately 1.8 times that of Test 1. 
Pore water pressure
A miniature pore pressure sensor was inserted into the soil specimens with a depth of 200mm in each test to monitor the variations in excess pore water pressure. As presented in Fig.3 , the curve in Test 1 decreases gradually during the first 60 h. The curve then decreases with a faster decreasing slope and reaches the final value after 100 h. In addition, the curves in tests with different dosages of PAM are approximately identical. The curves change in a nearly linear decreasing manner in the first 10 h; then, the slope of the curves drop, and the curves stabilize at a constant value after 40 h.
The tests with different dosages of PAM showed higher pressure dissipation rates than the test with no PAM added. The pressure in Test 1 increased to -10 kPa after 20 h, whereas the pressures were at least -25 kPa in tests with different dosages of PAM. Test 3 with a dosage of 30mg/L PAM achieved a pore water pressure of -40kPa, approximately twice the value of pore water pressure dissipation observed in Test 1. Additionally, the final values of pore pressure dissipation in tests with PAM were larger than that in Test 1, and the reduction of pore water pressure in Test 3 was approximately 55kPa, higher than that in the other three tests with varying contents of PAM and nearly three times more than that in Test 1. However, the reduction in pore water pressure exhibited a downward trend with an increasing addition of PAM. Typically, the dissipation value of the pore water pressure in Test 5 was less than 40kPa, approximately two thirds of that in Test 3. Dissipation of excess pore pressure increased significantly by the addition of 30mg/L PAM, whereas the effects of dissipation in pore water pressure deteriorated gradually with the increasing addition of PAM. 
Vane shear strength
Two sizes of manual vane shear apparatuses, 25mm in diameter and 50mm in height as well as 50mm in diameter and 100mm in height, were used in these tests. In each test, vane shear tests were conducted at distances of 0, 50 and 100mm from the PVD at the surface layer. The points at the PVD were measured by the smaller vane shear apparatus due to its larger range, and the specific testing results are shown in Fig.4 . The initial vane shear strength of soil was nearly zero. The trends in vane shear strength with different PAM contents were inversely related to the trends observed for the water content. The shear strength near the PVD is relatively higher than farther away from the PVD due to its lower water content. The curves below indicate that the shear strength initially increased and then declined gradually with increasing PAM content. The shear strength was higher in the soil specimens with PAM than in the soil specimens with no PAM. Furthermore, the shear strength was improved by approximately 70% at the center of the surface layer with the addition of 30mg/L PAM, reflecting that improved treatment was achieved with the help of a moderate dose of PAM. However, the shear strength declined gradually with increasing PAM. The strength of the specimens with 90mg/L PAM tended to be lower than those with no additional PAM. 
Pore interval distribution characteristic
The division standard of soil porosity has been investigated extensively in recent work (Kong et al. 2008; Liu and Zhang, 1997; Yuan et al. 2011) . Five levels of pore intervals of dredger fill were established based on previous research experience regarding soil porosity interval differentiate: super macro pore (d>40μm), macro pore (4μm<d≤40μm), meso pore (0.4μm<d≤4μm), small pore (0.04μm<d≤0.4μm) and micro pore (d≤0.04μm). The pore interval distribution histogram of dredger fill after vacuum preloading is plotted in Fig.  5 . The pores of dredger fill after vacuum preloading are based mainly on meso pore, where sample A4 shows the highest meso pore content (approximately 55%), whereas sample A1 has the lowest percentage (approximately 46%). There are only slight differences between the four samples in super macro and macro pore intervals, where the percentages are no more than 5%. In addition, sample A1 exhibited 34% in the small pore interval and 14% in the micro pore interval, showing the highest percentage among the four samples. The corresponding percentages of sample A4 are the lowest. Comparing A1 and A2 or A3 and A4 illustrates that the former samples (A1 and A3) show higher contents in small and micro pores, which reveals that better consolidation occurred near the PVD. Similarly, a comparison between A1 and A3 or A2 and A4 illustrates that the pore diameters of the former samples (A1 and A2) were relatively smaller than those of the corresponding latter samples (A3 and A4). Thus, the compacting effect between soil particles worsened with the excessive addition of PAM. The pores of samples were mainly distributed in the meso, small and micro pores after vacuum preloading, and the content of small and micro pores decreased with increasing distance to the PVD. In particular, the contents of small and micro pores in the soil samples decreased slightly with the addition of excessive PAM. Excessive PAM had an adverse influence on compressing larger pores into smaller pores, largely because more bound water was blocked by the additional PAM in the soil samples during vacuum preloading, thus obstructing the compression of pores. 
CONCLUSIONS
In this paper, a series of experimental tests have been carried out to investigate the effectiveness of PAM on dredger fill combined with the vacuum preloading method. The following conclusions can be drawn:
(1) In the vacuum preloading process, the consolidation time of dredger fill was considerably reduced and the rates of pore water dissipation were considerably increased. The vane shear strength was increased by approximately 70%. A PAM content of 30mg/L was found to be optimal in terms of its performance combined with the vacuum preloading method. The optimal dose of PAM was 30mg/L for Tianjin Binhai dredger fill, which had a water content of 300%.
(2) The pore size of the samples increased with increasing distance to the PVD after vacuum preloading, illustrating that better consolidation was obtained near the PVD. The sample with 90mg/L PAM exhibited increases in pore diameter compared to that with no PAM.
